Free-standing BiFeO 3 perovskite particles with a size ranging from polycrystalline bulk down to 5 nm have been studied by high-energy resonant (Bi K edge) x-ray diffraction coupled to differential atomic pair distribution function analysis. Nanosized BiFeO 3 particles are found to exhibit extra, i.e., beyond the usual thermal, structural disorder that increases progressively with diminishing their size. In particles of size smaller than approximately 18 nm the disorder destroys the structural coherence of the Bi sublattice and disturbs that of the Fe-based sublattice in the perovskite structure, substantially affecting the magnetoelectric properties it carries. The new structural information helps better understand the unusual behavior of perovskites structured at the nanoscale. DOI: 10.1103/PhysRevLett.105.185501 PACS numbers: 64.70.Nd, 61.05.cp Bulk polycrystalline oxides of the perovskite ABO 3 family, where A ¼ K, Ca, Sr, Ba, Pb, and Bi, and B ¼ Fe, Mn, Ti, Zr, and Nb, exhibit very rich physical properties such as collinear magnetism, high-temperature superconductivity, colossal magnetoresistance, and piezoelectricity, rendering them useful in many important applications. A typical example is bulk BiFeO 3 , in which electric (T c ¼ 1100 K), and magnetic (T N ¼ 643 K) orders coexist at room temperature allowing for manipulation of magnetism by an applied electric field and vice versa [1] . With new technologies moving quickly toward smaller scales, ABO 3 perovskites, including BiFeO 3 , are increasingly produced in nanosized dimensions. Atoms in nanosized materials, however, often relax to a structure that may be quite different from that exhibited by the respective bulk [2] leading to a modification of the existing [3] or emerging of completely new [4] physical properties. Knowledge of the atomic-scale structure of nanosized BiFeO 3 is thus very much needed so that its properties are well understood and fully utilized. Here we report results from a structure study on freestanding BiFeO 3 particles with a size ranging from a few m down to 5 nm. The study involves resonant highenergy x-ray diffraction (XRD) conducted at the K absorption edge of Bi coupled to differential atomic pair distribution (PDF) function analysis. Atomic PDFs have proven to be very efficient in determining the atomic-scale structure of nanosized materials [5] . High-energy resonant XRD adds chemical specificity [6] which can be invaluable in case of multicomponent materials such as perovskites. We find that nanosized BiFeO 3 , like other nanosized ABO 3 perovskites [7] , exhibits extra, i.e., beyond the usual thermal, structural disorder. This extra disorder, however, affects the Bi-and Fe-based sublattices of the underlying perovskite structure and, hence, the electric and magnetic order they carry, respectively, to different extents opening new avenues for nanosized BiFeO 3 applications.
Bulk polycrystalline oxides of the perovskite ABO 3 family, where A ¼ K, Ca, Sr, Ba, Pb, and Bi, and B ¼ Fe, Mn, Ti, Zr, and Nb, exhibit very rich physical properties such as collinear magnetism, high-temperature superconductivity, colossal magnetoresistance, and piezoelectricity, rendering them useful in many important applications. A typical example is bulk BiFeO 3 , in which electric (T c ¼ 1100 K), and magnetic (T N ¼ 643 K) orders coexist at room temperature allowing for manipulation of magnetism by an applied electric field and vice versa [1] . With new technologies moving quickly toward smaller scales, ABO 3 perovskites, including BiFeO 3 , are increasingly produced in nanosized dimensions. Atoms in nanosized materials, however, often relax to a structure that may be quite different from that exhibited by the respective bulk [2] leading to a modification of the existing [3] or emerging of completely new [4] physical properties. Knowledge of the atomic-scale structure of nanosized BiFeO 3 is thus very much needed so that its properties are well understood and fully utilized. Here we report results from a structure study on freestanding BiFeO 3 particles with a size ranging from a few m down to 5 nm. The study involves resonant highenergy x-ray diffraction (XRD) conducted at the K absorption edge of Bi coupled to differential atomic pair distribution (PDF) function analysis. Atomic PDFs have proven to be very efficient in determining the atomic-scale structure of nanosized materials [5] . High-energy resonant XRD adds chemical specificity [6] which can be invaluable in case of multicomponent materials such as perovskites. We find that nanosized BiFeO 3 , like other nanosized ABO 3 perovskites [7] , exhibits extra, i.e., beyond the usual thermal, structural disorder. This extra disorder, however, affects the Bi-and Fe-based sublattices of the underlying perovskite structure and, hence, the electric and magnetic order they carry, respectively, to different extents opening new avenues for nanosized BiFeO 3 applications.
Bulk polycrystalline (i.e., m-sized particles) BiFeO 3 studied here was prepared by a traditional solid-state reaction of Bi 2 O 3 and Fe 2 O 3 at 1100 K. Nanosized BiFeO 3 particles were prepared by a modified Pechini method using nitrates as metal precursors [8] . Standard XRD, TEM and DSC studies showed that thus obtained very fine powders are phase pure perovskite particles with sizes ranging from 5 to 100 nm, respectively. More details of the sample purity, particle size and average crystal structure determination by in-house XRD can be found in [9] .
As prepared polycrystalline and nanosized BiFeO 3 particles sandwiched between Kapton foils were subjected to high-energy XRD experiments at the beam line 1-ID at the Advanced Photon Source, Argonne National Laboratory. The experiments were done with x-rays of energy 90.490 keV and 90.190 keV, i.e., 32 eV and 332 eV below the K absorption edge of Bi. By taking the difference of XRD data sets obtained at these two energies the so-called Bi-differential structure functions for each of the samples were obtained. Those are shown in Fig. 1 . Their Fourier transforms, the so-called Bi-differential atomic PDFs, are shown in Fig. 2 . They reflect only Bi atoms involving correlations, i.e., Bi-Bi, Bi-Fe and Bi-O correlations, in the BiFeO 3 samples studied. More details of high-energy resonant XRD experimental procedures and differential atomic PDFs derivation can be found in our recent work [6] .
Bi-differential PDFs were obtained and used in the present study for the following reason: bulk ABO 3 perovskite may be viewed as a network of corner-sharing B-O 6 octahedra with A-type atoms occupying the network channels. When the octahedra are perfect and the A-type atoms are exactly at the center of the network channels, as shown in Fig. 3 (left) , the atomic-scale structure of the bulk perovskite is centrosymmetric. The material then does not show spontaneous polarization. When the B-O 6 octahedra are deformed and/or the A atoms displaced from the
centers of the network channels, as shown in Fig. 3 (right) , the centers of the positive and negative charge carried by the metal (A=B-type atoms) and oxygen atoms, respectively, do not coincide. The material then can show spontaneous polarization, i.e., become ferroelectric. Studies have shown that the net polarization in bulk BiFeO 3 and, hence, its ferroelectricity, is predominantly due to the cooperative displacement of A type, i.e., Bi atoms off the center of perovskite network channels [10] . The B type, i.e., Fe atoms have a limited effect on the ferroelecticity [11] but are solely responsible for the magnetic order in BiFeO 3 [10] . The relative positioning of Bi-and Fe-based sublattices, i.e., Bi-Fe interatomic distances, in BiFeO 3 is thus a very precise indicator of its technologically important ferroelectric behavior. Interatomic distances can be computed from structure models obtained by traditional XRD. The very diffuse nature of the XRD patterns of nanosized BiFeO 3 particles (see Fig. 1 , upper part), however, renders traditional XRD impossible. On the other hand, structure functions take into account both the Bragg-like and diffuse components of the XRD data to high-wave vectors (see Fig. 1 , lower part). Their Fourier transforms, the atomic PDFs (see Fig. 2 ), show well resolved peaks positioned at actual interatomic distances without any structure modeling at that. Bi-differential PDFs highlight only interatomic distances involving Bi atoms, including Bi-Fe ones, and so are used here as a direct probe of the relative positioning of Bi-and Fe-based sublattices in BiFeO 3 , from polycrystalline bulk to the nanoscale.
As can be seen in Fig. 2 the experimental Bi-differential PDF for bulk BiFeO 3 exhibits a series of well-defined peaks to very high interatomic distances as it should be with a material possessing a perfectly crystalline structure. The experimental data can be reproduced very well with a model featuring the ferroelectric (S.G. R3c) phase (see Fig. 3 ; right) of bulk BiFeO 3 [12] . The good agreement between the experimental and model PDF data attests to the very good quality of the present experiments. Note since Bi atoms in bulk ferroelectric BiFeO 3 are shifted off the center of the network channels several distinct Bi-Fe first neighbor distances at 3.06, 3.25, 3.56 and 3.90 Å (see Fig. 3 ; right), exist in this material. They, together with the Bi-Bi first neighbor distances ( 3:95 A) are seen as two distinct peaks in the experimental Bi-differential PDF centered at approximately 3.25 Å and 3.95 Å (see Fig. 4 ). In an ideal cubic, i.e., not ferroelectric, phase of BiFeO 3 perovskite the Bi-and Fe-based sublattices would not be shifted with respect to each other. Accordingly, all Bi-Fe first Intensity, arb.u. neighbor distances would be the same and occurring at about 3.4 Å (see Fig. 3 ; left). The experimental Bi-differential PDFs for nanosized BiFeO 3 also show a series of well-defined peaks but those peaks become increasingly broader with the decrease in particles size, signaling an increasing local structural disorder. The disorder is strong, reducing the length of structural coherence in the nanosized BiFeO 3 studied, which is measured by the real-space distance at which the experimental PDFs decay to zero, to distances substantially shorter than the average nanoparticles size (see Fig. 2) . A very similar effect has been observed in other nanosized perovskites such as BaTiO 3 [7] , semiconductor quantum dots [13] and metallic nanoparticles [2] . The effects is universal and often stronger than the usual thermal disorder [7] . It is seen as an extra increase in the root-mean-square (rms) fluctuations of atomic positions when the physical size of a system is gradually reduced to the nanoscale.
A careful analysis of the experimental Bi-differential PDFs, however, shows that though universal the loss of structural coherence in nanosized BiFeO 3 is not quite uniform. In particular, with the decrease in particles size the PDF peaks at 3.95, 5.56, 8.85, and 14.8 Å smear out at a much faster rate than those at 6.3 and 10.5 Å . The former PDF peaks presumably reflect Bi-Bi and the latter-Bi-Fe interatomic correlations. As can be seen in Fig. 3 (right) those correlations are between first and more distant Bi-(Bi/Fe) neighbors across a range of directions in the perovskite structure. Obviously the extra rms fluctuations of Bi atoms are larger than those of Fe atoms and so Bi-Bi correlations weakened faster than Bi-Fe ones. Also, the weakening does not occur along a particular direction but, like a melting process, spreads over all sites and directions of the Bi-sublattice in nanosized BiFeO 3 .
For particles of size smaller than 18 nm the ''melting'' of Bi-sublattice seems to be complete as manifested by the disappearance of the respective peaks in the experimental Bi-differential PDF (see Fig. 4 ). Especially notable is the disappearance of the distinct Bi-Fe and Bi-Bi first neighbor coordination spheres occurring at 3.25 Å and 3.95 Å in bulk BiFeO 3 . All Bi-Bi/Fe first neighbor distances are seen to merge into a single and very broad coordination sphere centered at about 3.7 Å . Since Bi-and Fe-based sublattices are not anymore displaced in a distinctive way cooperative phenomena involving both sublattices, such as ferroelectric order, could hardly exist in BiFeO 3 nanoparticles of size smaller than approximately 18 nm.
Independent Raman studies have also indicated that cooperative lattice vibrations involving Bi atoms that control the ferrolectric behavior of BiFeO 3 are strongly quenched when the material is nanosized [14] . On the other hand, since the Fe-based sublattice, although also subject to increased disorder, survives in nanosized BiFeO 3 [15] it still can host cooperative phenomena, which is indeed the case. Studies [9, 15] have shown that the magnetic order is weakened (e.g., compare T N ¼ 620 K in 10 nm particles with T N ¼ 640 K in bulk BiFeO 3 ) and highly frustrated [14] but survives in nanosized BiFeO 3 . Note, amorphous BiFeO 3 , where the Fe-based sublattice may be considered to be as highly disorganized as the Bi-based one, exhibits magnetic behavior [16] substantially different from that seen in nanosized BeFeO 3 [14] .
What emerges from this and previous studies [7, 9, 17] is   FIG. 3 (color online) . Fragments from an ideal Pm-3m=cubic (left) and R3c=trigonal (right) type structures of bulk BiFeO 3 . The structures feature corner shared Fe-O 6 units with Bi (black circles) atoms between them. Also shown are several Biinvolving interatomic distances occurring in the structures. Note the vertical direction of the structure fragment on the left is along ½001 cub of the cubic lattice while that of the fragment on the right-along the ½001 hex of the hexagonal unit cell of R3c. ½001 hex is parallel to ½111 cub of an ideal perovskite. that finite nanosize effects gradually weaken their ferroelectricity to a point where it disappears as a measurable cooperative property. There are, however, notable differences in the way this happens in different ABO 3 perovskites. Ferroelectricity in BaTiO 3 is due to a tetragonal distortion of Ti-O 6 octahedra and those distortions are found to increase [7, 17] with diminishing particles size. However, instead of being enhanced, ferroelecticity virtually disappears since the extra rms atomic fluctuations in the nanosized particles frustrate the long-range ordering between the (Ti-O 6 )-based electric dipoles. Ferroelectricity in BiFeO 3 is mainly due to a cooperative displacement of Bi sublattice with respect to the Fe-based oxygen octahedra. The extra rms atomic fluctuations in the nanoparticles virtually melt the Bi-sublattice and, hence, the ferroelectric order of which it is a vital part disappears. That different ABO 3 perovskites react differently to the extra structural disorder emerging at the nanoscale has very much to do with their different structural stability. It is measured by the so-called tolerance factor, t, where t ¼ ðr A þ r O Þ= p 2ðr B þ r O Þ and r A;B and r O are the ionic radii of metal (A=B) and oxygen atoms, respectively. The tolerance factor for the ideal cubic perovskite shown in Fig. 3 (left) is one; it is 0.96 for BiFeO 3 and 1.06 for BaTiO 3 . The relatively lower structural stability of BiFeO 3 is due to the fact that Bi ions are somewhat small (r Bi ¼ 1:17 A) to fit tightly inside the perovskite network channels and, hence, are quite susceptible to structural disorder [18] . This is not the case with the larger Ba ions (r Ba ¼ 1:34 A) and so they remain coupled in a structurally coherent sublattice even when subjected to increased rms fluctuations.
In summary, high-energy resonant XRD and differential atomic PDFs allow us to reveal the presence of notable differences between the atomic ordering of bulk and nanosized BiFeO 3 . The differences are based on pure experimental observations and so are unbiased toward any model considerations which is impossible to achieve with traditional XRD. In particular, results from the present study show that, at the atomic scale, freestanding nanosized BiFeO 3 particles may be viewed as an assembly of highly and not so disordered Bi and Fe-O sublattices of a perovskite-type structure, respectively. The Bi sublattice loses structural coherence and so becomes uncorrelated with the Fe-O one in particles of size smaller than approximately 18 nm. The picture is somewhat different from that in nanosized BaTiO 3 [7] where the Ba-and Ti-O sublattices of the underlying perovskite structure also suffer extra structural disorder but retain their structural integrity. Once the ground-state structure of freestanding nanoparticles is known in good detail the technologically important ferroelectric properties of ABO 3 perovskites are easier to understand and, hence, take control of. It is plausible to assume that by applying of external unidirectional strain, e.g., by using appropriate substrates, the frustrated but existing (Ti-O 6 ) electric dipoles in nanostructured BaTiO 3 can be forced to line up and exhibit cooperative ferroelectricity.
Studies have shown that this exactly what happens [19] . The origin of ferroelectricity in BiFeO 3 does not survive in very small size particles so it is unlikely to be restored by simply applying an unidirectional strain. Such strain though, depending of its magnitude and direction (i.e., compressive or tensile), may be able to drive the ''molten'' Bi sublattice into other structural states, more ordered at the nanoscale, and, hence, drive the whole BiFeO 3 system into novel phases, existing at the nanoscale only, opening opportunities for new applications. Research to explore this scenario has begun and results achieved are very promising [20] . Another possibility to stabilize the Bi sublattice in nanosized BiFeO 3 is to dope it with other metal atom species [21] . The success of all these efforts depends critically on the availability of precise knowledge about the atomic-scale structure of nanosized ABO 3 perovskites. The present study shows that high-energy resonant XRD and differential atomic PDFs can deliver it with success.
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